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@ Assay for cholesterol and derivatives thereof. 

@ A cholesterol sensor is a dry strip sensor which 
comprises an elongate substrate (I) with a screen 
printed reference electrode (6) and a screen printed 
working electrode (5), the working electrode com- 
prising a conducting surface carrying optional cho- 
lesterol esterase, a cholesterol oxidase, a perox- 
JPTidase, and a mediator which transfers charge be- 
*^tween the conducting surface and the peroxidase 
CO when the peroxide is catalyticaliy active. 
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ASSAY FOR CHOLESTEROL AND DERIVATIVES THEREOF 



The present invention relates to an assay for 
free or total cholesterol in blood. 



BACKGROUND OF THE INVENTION 

Elevated levels of cholesterol and its esters are 
recognised as risk factors for arteriosclerosis and 
myocardial Infarction. The normal range of serum 
values extends from 3 to 6 mM for total cholesterol 
(free cholesterol and cholesterol ester), while in 
hyperiipidaemic conditions the level can increase 
to 10 mM and above. 

Procedures for cholesterol detemnination have 
employed a variety of chemical and physical tech- 
niques. Traditional assays involve chemical freat- 
rrtent of cholesterol to yield coloured products 
which can be measured spectrophotometrically. 
The most common reactions are the Liebermann- 
Burchard reaction, the iron salt-sulphuric add reac- 
tion, and the p-toluene sulphonic acid reaction. 
However, these various traditional procedures In* 
volve numerous drawbacks, including a lack of 
specificity, difficulty in standardization, the use of 
unstable and corrosive reagents, a variable reactiv- 
ity of the esters, and interference by other mol- 
ecules such as haemoglobin and bilirubin. 

Most modem methods for blood cholesterol 
determination are enzymic, and take advantage of 
the specificity afforded by enzymes. Typically the 
detection is spectrophotometric. A chromogen is 
generated through a series of stoichiometrically 
coupled reactions, such as; 

(A) : cholesterol ester + HjO = cholesterol 
+ fatty acid 

(B) : cholesterol + Oa = cholestenone + 

H,0. 

(C) : H20a + phenol + 4-aminophena2one = 
4-(p-benzoquinone-monoimlno)-phenazone + 4HaO 

The reactions (A), (B). and (C) are respectively 
catalysed by a cholesterol esterase, a cholesterol 
oxidase, and a peroxidase. 

The phenazone derivative formed in reaction - 
(0) has specific spectroscopic properties and 
therefore the cholesterol concentration in a sample 
can be determined by the amount of the 
phenazone derivative produced under appropriate 
conditions. 

The disadvantages of such methods include 
the particular difficulties of calibration when blood 
plasma is being assayed, especially where the 
turbidity of the plasma must be taken into consider- 



ation. Moreover, this method is not suitable tor 
assay of cholesterol in whole blood and conse- 
quently an expensive and timen^onsuming prepara- 
tion of the sample must be cam'ed out. 

5 Otiier techniques may be employed for deter- 

mination of the products of enzymic assays for 
cholesterol. For example, European Patent AppUca* 
tion 84303085. published as EPI25867, describes a 
method of assay In which an electrode poised at a 

70 suitable potential is contacted with a system com- 
prising a first enzyme, a cofactor linked witti said 
enzyme and a mediator compound which transfers 
charge to tiie electrode from tiie first enzyme when 
Its electrical state is changed by reaction of cofac- 

76 tor material. The cofactor may be NAD, NADP, 
cAMP. ATP. GTP, TTP, or CTP. 

In one example of a procedure in accordance 
witii EP125867, an electrochemical detennination of 
cholesterol is performed by oxidizing cholesterol to 

20 cholestenone using cholesterol dehydrogenase in 
tile presence of NAD as cofactor, followed by oxi- 
dation of tfie resultant NADH with a diaphorase 
whose catalytic activity is detected at an electrode 
using a fenrocene compound as a mediator. 

25 In practice, there are some difficulties in adapt- 
ing such a detection procedure for use wttti blood 
samples. Specifically, it seems tiiat tiie enzymes 
are extremely sensitive to inhibition by surfactants 
of tiie kind conventionally employed to release 

30 cholesterol esters from the lipoprotein complex in 
whole sera. 



OBJECTS OF THE INVENTION 

35 • 

It is an object of this invention to provide an 
assay which can be performed rapidly, accurately 
and at low cost by persons such as general medi- 
cal practioners in their own surgery. It is a furtiier 
40 object of the present invention to provide sensors 
for .such an assay. A specific object of this inven- 
tion is an assay which can be performed without 
the need for elaborate preliminary treatment of a 
blood sample. 

45 

SUMMARY OF THE INVENTION 

The present invention provides a sensor for 
50 use in tfie assay of cholesterol in blood. The sen- 
sor is a dry strip sensor, and comprises an elon- 
gate substrate with a screen printed reference elec- 
trode and a screen printed worthing electrode. The 
working electrode comprises a conducting surface, 
preferably of finely divided carbon optionally with a 
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silver tracking, carrying a reagent nnix. The reagent 
mix includes a surfactant, a cholesterol oxidase, a 
peroxidase, and a mediator which transfers elec- 
trons between the conducting surface and the per- 
oxidase in the presence of peroxide as substrate. 
The mix further Includes a cholesterol esterase if 
assay of total cholesterol is desired. 

Without being bound by theory, it is believed 
that in an assay in accordance with the present 
invention, the surfactant serves to break up the 
lipoprotein complex of blood, and cholesterol is 
then oxidised to cholestenone by the cholesterol 
oxidase. Such oxidation is accompanied by oxygen 
to hydrogen peroxide which is then itself further 
reduced to water by the peroxidase. The catalytic 
activity of the peroxidase is detected at an elec- 
trode using the mediator to transfer electrons. If the 
optional cholesterol esterase is present, then cho- 
lesterol esters are first converted to cholesterol, 
which will not occur if the assay is only for free 
cholesterol and the esterase is omitted. 

It seems that in the present assay, the media- 
tor is electrochemlcally reduced at the electrode, 
producing a current measurable at the electrode, 
which current Is related to the activity of the cho- 
lesterol oxidase and hence the amount of choles- 
terol present in the sample. 



FEATURES OF THE INVENTION 

It is a feature of this invention that the sensor is 
a dry strip sensor. Surprisingly, it was found that a 
similar mix of reagents employed in a wet sensor 
system did not give good results across a desired 
range of detectable cholesterol concentrations. 

It is a further feature of this invention that the 
dry strip sensor is produced with the aid of screen 
printing. Given that the reagent mix includes en- 
zymes, it will be Implicit that a low temperature 
printing procedure is required. 

The mediator compound may be selected from 
ferrocyanide. ruthenium compounds, carboranes, 
polyvioiogens, one-dimensional conductive salts of 
TCNO, haioanlls and derivatives thereof, alkyi sub- 
stituted phenazlne derivatives, and, bis-cyclopen- 
tadienyl (Cp),MX)cComplexes including ferrocene 
and its derivatives. The mediator is preferably fer- 
rocene or a derivative thereof, especially a water- 
soluble ferrocene derivative. 

In a particulariy preferred embodiment, the dry 
strip sensor of this invention comprises an elon- 
gate, electrically-insulating substrate having a pair 
of longitudinal, substantially parallel, electrically- 
conducting tracks thereupon, each track being pro- 
vided at the same end thereof with means for 
electrical connection with read-out means and pro- 



vided at the other end thereof with an electrode, 
one of the electrodes being the reference electrode 
and the other being the working electrode respon- 
sive to the presence of cholesterol or its esters. 

5 In performing an assay, the working electrode 

is preferably fixed at a small negative voltage rela- 
tive to an Ag/AgCI reference counter-electrode. 

The present invention will be further Illustrated 
by way of example and with reference to the ac- 

10 companying drawings.. 



SUMMARY OF THE DRAWINGS 

75 In the drawings, 

Rgure I shows a screen-printed sensor ac- 
cording to the present invention, 

Rgure 2 shows a graph of hydrogen perox- 
ide concentration against current in uA, for a sen- 
20 sor according to the present invention, 

Rgure 3 shows a graph of cholesterol con- 
centration against current In uA. for a sensor ac- 
cording to the present invention, 

Rgure 4 shows a graph of cholesterol ester 
25 concentration against current in uA, for a sensor 
according to the present invention, and 

Rgures 5 and 6 show comparative results 
obtained with wet systems not In accordance with, 
the present invention. 

30 

EXAMPLES OF THE INVENTION 

Examole I: construction of drv strip sensor 

35 

Commercially obtained horse radish perox- 
idase, cholesterol oxidase, and cholesterol esterase 
were reconstituted in an imidazole buffer mix of pH 
7 for 4 hours prior to the addition of finely divided 

40 carbon. The working electrode was then screen- 
printed onto a preprinted carbon track laid down 
upon a PVC substrate. The mix was allowed to dry. 

The screen-printing process may comprise the 
following steps; 

45 a) printing of a conductive tracking. 

b) printing of a working electrode. 

c) printing of a reference electrode, and, 

d) printing of a dielectric insulation. 

Figure I shows a PVC sheet (1) which com- 
50 prises the supporting substrate for the electrode. 
Conductive carbon tracking (2) is screen-printed 
onto the surface of the substrate in two conductive 
tracks of 45mm by 2mm, with a separation of 
3mm. These tracks are overiaid with silver conduc- 
55 tlve ink to form contacts (3) for connection of the 
sensor to readout apparatus. 
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The working efectrode (5) and the reference 
counter-electrode (6) are applied to the ends of the 
tracking (2) by screen printing. The Ag/AgCI refer- 
ence eiectrode (6) employed in the present in- 
stance is a quasi-reference electrode which adopts 
a potential detennined by a redox couple added to 
the reference electrode in the dry phase. 

If desired, a mesh can be applied over the 
printed electrodes to give protection. The mesh 
can be coated with one or more of the electrode 
reagents. 

In the present example, the tracks (2) and the 
conductive silver Ink do not extend the complete 
length of the substrate (I), fadlitating manipulafion 
of the sensor and insertion into readout apparatus. 



Example 2: calibration of electrodes. 

A sample of the species to be determined in 
buffer, blood or serum is then applied to a target 
area covering both the working electrode and the 
reference counter-electrode. Cabibration curves 
were calculated for the three analytes. choiesterol 
ester, cholesterol or H2O2. 

Dunng calibration the potential was poised at - 
50mV (vsSCE). Fixed potential studies employing a 
range of hydrogen peroxide concentrations (0-. 
lOmM) in imidazole (pH 7.0) buffer and in serum 
were carried out. A linear steady-state current re- 
sponse with respect to hydrogen peroxide con- 
centration was recorded between 0.lmM and lOmM 
hydrogen peroxide. The results of one such cali- 
bration experiment are shown in figure 2, in which 
hydrogen peroxide concentration is plotted against 
cun-ent in uA, for a sensor according to the present 
invention. 



If a candidate surfactant gives adequate breakdown 
of the blood lipoprotein complex. It was found 
possible to make up lOmM cholesterol ester in 10% 
surfactant. 

5 The samples were applied to the electrode 
target area and allowed to incubate for four minutes 
at a poised potential of 50mV vs SCE. Current 
values proportional to the cholesterol ester con- 
centrations were obtained. The results of such an 

70 experiment are shown in figure 4, in which choles- 
terol ester concentration Is plotted against current 
in uA, for a sensor according to the present inven- 
tion. 

75 

Comparative ExamolQ: a wet system 

An electrochemical glass cell with a working 
volume of I ml was set up with a gold working 

20 electrode and a platinum gauze as counter elec- 
trode. A mix of assay reagents was made up to 0.7 
ml. and transfenred to the cell. After appropriate 
poising of the working electrode, the current re- 
sponse was monitored on additon of the enzyme. 

26 In a first experiment, for which the results are 
shown in Rgure 5, the mediator was fen^ocene 
methylamine hydrochloride and the woridng elec- 
trode potential was +105 mV. For a second experi- 
ment.' Rgure 6, ferrocene monocariaoxylic acid was 

30 employed with a working electrode potential of 
+44 mV and varying concentrations of cholesterol 
oxidase. 

It will be seen that a non-linear response was 
obtained for each of these wet systems. In further 
35 experiments, it was established that the use of the 
dry strip sensor was essential to the present inven- 
tion. 



Bample 3: choiesterol detection 

A study similar to that described in Example 2 
was canied out using cholesterol standards (Sigma 
Chemical Company). Steady state cun-ents were 
obtained proportional to the cholesterol concentra- 
tion giving a linear relationship from ImM to lOmM. 
The results of one such calibration experiment are 
shown in figure 3, in which cholesterol concentra- 
tion is plotted against cunrent in uA, for a sensor 
according to the present invention. 

Example 4: cholesterol ester detection. 

A range of samples with varying cholesterol 
ester concentrations was made up using a formula- 
tion containing a surfactant. The nature of the sur- 
factant is not critical, and suitable trial will establish 



40 Claims 

1. A sensor for use in the assay of total choles- 
terol in blood, tiie sensor being a dry strip sensor 
comprising an elongate substrate with a screen 

45 printed reference electrode and a screen printed 
working electrode, the working electrode compris- 
ing a conducting surface carrying a surfactant a 
cholesterol esterase, a cholesterol oxidase, a per- 
oxidase, and a mediator which transfers electrons 

60 tsetween the conducting surface and the peroxidase 
in the presence of peroxide as substrate. 

2. The sensor of claim I. which comprises an 
elongate, electrically-insulating substrate having a 
pair of longitudinal, substantially parallel, 

55 electrically-conducting tracks thereupon, each track 
being provided at tiie same end tiiereof with means 
for electrical connection witii read-out means and 
provided at tiie other end tiiereof witii an electrode, 
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one of the electrodes being the reference electrode 
and the other being the working electrode respon- 
sive to the presence of cholesterol. 

3. A sensor for use in the assay of free choles- 
terol in blood, the sensor being a dry strip sensor 5 
comprising an elongate substrate with a screen 
printed reference electrode and a screen printed 
working electrode, the working electrode compris- 
ing a conducting surface carrying a surfactant, a 
cholesterol oxidase, a peroxidase, aind a mediator lo 
which transfers charge between the conducting 
surface and the peroxidase In the presence of 
peroxide as substrate 

4. The sensor of claim 3, which comprises an 
elongate, electrically-insulating substrate having a 75 
pair of longitudinal, substantially parallel, 
electrically-conducting tracks thereupon, each track 
being provided at the same end thereof with means 

for electrical connection with read-out means and 
provided at the other end thereof with an electrode, 20 
one of the electrodes being the reference electrode 
and the other being the working electrode respon- 
sive to the presence of cholesterol. 

5. An assay for total cholesterol, wherein tiie 
cholesterol is amperometrically quantitated using a 2S 
sensor as defined in claim I. 

6. An assay for free cholesterol, wherein the 
cholesterol is amperometrically quantitated Jsing a 
sensor as defined In claim 3. 
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CHOLESTEROL ESTER mM 
FIG.4. 
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® Measurement of eiectroactive species In solution. 

® In order to innprove the sensitivity of electro- 
chennlcal assays based on an electrochenfiical sys- 
tem capable of generating a current, where the sys- 
tem comprises as components an enzyme, a sub- 
strate, and a mediator, with the mediator mediating 
transfer of electrons between the enzyme and an 
electrode while the enzyme is catalysing a reaction 
of the substrate, the mediator is indirectly llnlced with 
the electrode by a compound capable of accumulat- 
ing electrical charge for measurement after a delay 
period. 
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